The collagen type alpha (COL1A1) gene encodes the extracellular matrix component, collagen, and resides in candidate MYP5 for high myopia on the chromosome 17q22-q23.3. This locus has recently been implicated in playing an important role in the pathogenesis of experimental myopia. We investigated the association of disruptions of COL1A1 gene with high myopia by analyzing the frequency of ten SNPs in a Japanese population of 330 subjects with high myopia of ¡9.25 D or less and 330 randomized controls without high myopia. Two SNPs (rs2075555 and rs2269336) were signiWcantly associated with high myopia (P < 0.05, Pc < 0.1). Two diVerent haplotype blocks in COL1A1 were observed by the pair-wise linkage disequilibrium between the SNPs. The frequency of GGC/ GGC diplotype constructed by the three SNPs (rs2075555, rs2269336, rs1107946) was signiWcantly high (OR = 1.6) and associated with high myopia (P = 0.028, Pc< 0.084). Together our results provide the Wrst evidence for COL1A1 as a gene associated with high myopia.
Introduction
Myopia is the most common eye disorder in the world and a signiWcant public health problem. Myopia is far more frequent in the Asian populations than in the USA or Europe, and Japan has one of the highest incidences of myopia in the world (Saw et al. 1996) . In the USA, the prevalence of myopia in high school students is approximately 25% (Burton 1989; Curtin 1970; Katz et al. 1997; Leibowitz et al. 1980; Ministry of Education 2004) , compared to nearly 60% in Japan (Burton 1989) . High or pathologic myopia can cause blindness, or severe visual acuity loss due to retinal detachment, submacular hemorrhage, glaucoma, or macular degeneration. High myopia is especially common in Asia, and in Japan, accounts for 6 to 18% of myopia cases and 1 to 2% of the general population (Curcio et al. 1987) . Severe myopia, therefore, has been a major cause of visual aZiction.
The refractive power of the eye is correlated with ocular axial length, and it is well established that myopia is caused by increased axial eye size (Tokoro and Sato 1982) . The development of high myopia in humans is associated with marked thinning of the sclera, the tough outer coat of the eye that facilitates any change in eye size. Scleral thinning is greatest at the posterior pole of the eye, the anatomical region of greatest retinal photoreceptor density and vital to detailed visual discrimination (Curtin 1985) . Collagen accounts for 90% of scleral dry weight, and the majority of this collagen is collagen type I (Rada et al. 2006) . Mammalian sclera also contains small amounts of other Wbrillar and Wbril-associated collagens (Marshall et al. 1993; Tamura et al. 1991; Wessel et al. 1997) , and studies have shown that scleral Wbrils are heterologous, comprising collagen types I, III, and V (Marshall et al. 1993) .
Myopia is a highly prevalent, complex phenotype involving both genetic and environmental factors. Recently, myopia susceptibility genes have been identiWed in the 14 genomic loci (MYP1on Xq28, MYP2 on chromosome18p, MYP3 on chromosome 12q, MYP4 on chromosome 7q, MYP5 on chromosome 17q, MYP6 on chromosome 22q12, MYP7 on chromosome 11p13, MYP8 on chromosome 3q26, MYP9 on chromosome 4q12, MYP10 on chromosome 8p23, MYP11 on chromosome 4q22-q27, MYP12 on chromosome 2q37.1, MYP13 on Xq23-q25, and MYP14 on chromosome 1p36) (Hammond et al. 2004; Naiglin et al. 2002; Paluru et al. 2003; Paluru et al. 2005; Schwartz et al. 1990; Stambolian et al. 2004; Wojciechowski et al. 2006; Young et al. 1998a, b; Zhang et al. 2006) .
The 18 kb COL1A1 gene, encoded by 52 exons, is located on chromosome 17 (17q21.33) where the MYP5 (17q21-22) susceptibility locus was identiWed (Paluru et al. 2003) . This gene encodes the major component of type I collagen. The scleral tissue contains approximately 90% collagen, consisting predominantly of type I collagen (Zorn et al. 1992) . Mutations in COL1A1 have been described in individuals with type 1 osteogenesis imperfecta, EhlersDanlos syndrome type VIIA and VIIB, osteoporosis, and Marfan syndrome, all systemic disorders with scleral thinning and myopia as a clinical component (Dalgleish 1997) .
The association between variations in the COL1A1 gene and high myopia is yet to be investigated. In this study, we screened the COL1A1 gene for single-nucleotide polymorphisms (SNPs) that could potentially be associated with myopia.
Materials and methods
A total of 330 Japanese subjects with high myopia and ethnically matched unrelated control subjects (n = 330) attending the Ophthalmology Clinic at the Yokohama City University or the Okada eye clinic were recruited for this study. The myopia phenotypes were classiWed according to the mean spherical equivalent refractive error below or above the threshold level of ¡9.25 Dsph. The mean refractive error of myopia cases was ¡11.55 § 2.17 Dsph with a mean axial length of 27.78 § 1.30 mm. The mean age of case subjects was 37.82 § 11.97 years, and the malefemale ratio of the cases was 0.66:1.00. A group of 330 subjects of same sex and age with moderate or no myopia was used as the control group. None of the subjects involved exhibited any systemic connective tissue diseases, keratoconus, or other genetic disorders known to cause myopia. All subjects involved were Japanese from a similar social background and from the same urban area, and informed consent was obtained from all patients. The study was conducted in accordance with the Declaration of Helsinki and subsequent revisions.
SNP-speciWc polymerase chain reaction (PCR) primers and Xuorogenic probes were designed using ABI (Applied Biosystems, Foster City, CA, USA). This technique has been utilized extensively in genotyping other candidate genes with multiple single nucleotide polymorphisms. The Xuorogenic probes were labeled with a reporter dye (either FAM or VIC) and speciWc for one of the two possible bases in the promoter region. A MGB quencher probe was utilized on the 3Ј end by a linker arm. The 2X PCR mix (TaqMan Universal PCR Master Mix , Applied Biosystems) was optimized for TaqMan reactions and contained AmpliTaq-Gold DNA polymerase, dNTPs with UTP and a passive reference dye. Primers, probes, and genomic DNA were added to Wnal concentrations of 300 nmol/l, 100 nmol/ l, and 0.5-2.5 ng/ l, respectively. Control samples (without DNA template) were run as a negative control for contaminating DNA, and a reference positive control DNA used to verify the identiWed polymorphisms. The ampliWcation reactions were carried out in an ABI Prism 7700HT Sequence Detection System (Applied Biosystems GeneAmp® PCR System 9700) with an initial hold step (95°C for 10 min) followed by 40 cycles of a two-step PCR (denaturation at 92°C for 15 s, annealing at 60°C for 1 min). The Xuorescence intensity of each sample was measured at each temperature change to monitor the ampliWcation of the base pair COL1A1 promoter region. The targeted nucleotide was determined by the Xuorescence ratio of the two SNP-speciWc Xuorogenic probes. The Xuorescence signal increased when the speciWc probe matched the single stranded template DNA and was digested by the 5Ј-3Ј exonuclease activity of AmpliTaq-Gold DNA polymerase (Applied Biosystems), whereupon the probe released the Xuorescent reporter dye (either FAM or VIC) from the quencher dye.
We used the NCBI dbSNP database (http://www.ncbi. nlm.nih.gov/SNP/) to extract the available information on the SNPs in COL1A1 gene. Forward or reverse strand sequences of the SNP sites were selected depending on their GC content, to avoid primer dimerization and hairpin structure, and based on the absence of any other SNP site. The extension reaction was controlled by a mixture of dideoxy-terminated nucleotides, such that one single-base extension product and one double-base extension product were created corresponding to a SNP allele. This scheme generated two peaks in the mass spectrometer separated by approximately 300 Da.
Allele frequencies of sequence alterations in patients and controls were evaluated using Chi-square tests or Fisher exact tests. Allelic frequencies of all detected SNPs were also assessed for Hardy-Weinberg equilibrium. Statistical analyses were performed on a computer using the Statview software (ver.5.0 SAS Institute Inc. USA). We corrected these P values (Pc) by the Bonferroni's correction where the coeYcient was the total number of the contingency tables tested. P value < 0.05 and Pc value < 0.1 were considered statistically signiWcant. The R package "haplo.stats" (http://www.r-project.org/) was used to evaluate haplotype structure. Based on the haplotype structures the pair-wise linkage disequilibrium between SNPs was measured with LD coeYcient (Lewontin's D') obtained from the R package "genetics" in the R Project for Statistical Computing.
Results
We sequenced 10 SNPs of the COL1A1 gene, chosen using criteria such as population-frequency validation, multiple submitters and high-proWle submitters, using an electronic database 'dsSNP' (http://www.ncbi.nlm.nih.gov/SNP/) for the Wnal selection of ten SNPs for genotyping. A total of 10 SNPs in the COL1A1 gene were screened in all the myopia cases and control subjects (Fig. 1 ). Each marker was tested to see if it is in Hardy-Weinberg equilibrium, and that this hypothesis was not rejected for any of the markers. Of the SNP analyzed, one was non-synonymous, one was a synonymous substitution, three were intronic, two were untranslated, and three were unknown ( Fig. 1; Table 1 ). Two of them, rs2586486 and rs1800211, were monomorphisms (Table 1) .
Two SNPs (rs2075555 and rs2269336) were signiWcant under a model assuming dominance of the 1st allele listed for each locus (Table 1 ). The G allele in intron 11 (rs2075555) was signiWcantly more common in the patient group (P = 0.0071; OR = 1.36) than in the controls (Table 2 ). In addition, the frequencies of G allele (rs2269336) and the C allele (rs1107946) in the 5' upstream region of the COL1A1 gene were signiWcantly increased in the patient group (P = 0.0140, OR = 1.31 and P = 0.0278, OR = 1.28, respectively; Table 2 ).
The pairwise LD mapping conWrmed that haplotype structure in the COL1A1 gene was constructed by two blocks (rs748075 to rs207558 and rs207555 to rs1107946) from LD index values (Table 3 ). The estimated haplotype (GGC/GGC) was signiWcantly more prevalent in the patient group than in the control group (P = 0.0084, Pc = 0.025, OR = 1.60 in Table 4 ). Frequencies of pairwise haplotypes consisting of eight polymorphic SNPs are listed in Table 5 . No signiWcant diVerence found between the patient and controls was detected.
Discussion
Myopia is an extremely common ocular condition that aVects approximately one billion people worldwide (Marshall et al. 1993) . Many studies have shown that the development of human myopia is inXuenced by multifactorial etiology with underlying complex genetic factors and undeWned environment factors (Bear 1991; Goss et al. 1988; Goss 2000) . Studies with animal models have indicated that environmental factors such as visual deprivation and the eVects of a negative lens may contribute to the development of myopia. Likewise, there is a signiWcant correlation between myopia and the quantum of near work such as reading and writing (Bear 1991 , Saw et al. 2002 . However, evidence for genetic pathways contributing to myopia is strengthened by the observations that myopic parents are much more likely to have myopic children (Mutti et al. 2002) , and that myopia is far more frequent in the Asian populations than in the USA or Europe, even if the populations examined have performed similar quantum of near work (Feldkamper and SchaeVel 2003) . Thus, in addition to environmental eVects, myopia is also likely to result from alterations of multiple genetic factors.
In this study, we examined whether the COL1A1 gene is a disease susceptibility gene for high myopia in Japan. We performed SNP analysis on 10 SNPs in 330 patients with high myopic change (refractive error greater than ¡9.25 Dsph) and compared the Wndings to those in a control group of 330 individuals with no myopia. As myopia is a globally prevalent disease, we selected universally high heterozygosity SNPs from the NCBI SNP database for the association study. However, two of these SNPs were monomorphisms in Japanese. Two of the 10 SNPs (rs2075555 and rs2269336) showed signiWcantly diVerent frequencies between cases and controls (P < 0.05, Pc < 0.1). The SNPs were not missense mutations, and one of them exists in an intron while the others are upstream of the COL1A1 gene. How these SNPs disrupt the function is unknown. Together this suggests that 
the COL1A1 gene is likely associated with high myopia, although the associated variations of this gene do not result in obvious changes in the COL1A1 protein; it is possible that these SNPs are in LD with an, as yet undiscovered, causative mutation in the COL1A1 gene. We investigated the10 SNPs genotypes and allele dominant models (Table 2 ) and found two SNPs to be statistically diVerent, rs2075555(A < C) in allele2(C) dominant model(P < 0.05), and rs2269336(C > G) in allele1(C) dominant model (P < 0.01). Gentle et al. (2003) reported that collagen type mRNA expression was reduced, and scleral collagen accumulation was decreased in the tree shrews sclera of myopic eyes, suggesting that disruption of collagen function in myopia could potentially be regulated at the transcriptional level. Together this suggests the possibility that these three SNPs could aVect the promoter and/or transcriptional control of the COL1A1 gene.
Our susceptibility gene mapping showed that the limited haplotype block (GGC/GGC) constructed by the three SNPs in 5'-genomic region of the COL1A1 gene was signiWcantly associated with the susceptibility to high myopia.
In conclusion, COL1A1 may be a candidate gene for high myopia based on its mapped location within the MYP5 candidate region as well as the evidence presented in this report linking SNPs in this region to susceptibility to high myopia. The associated SNPs do not appear to be causal mutation in high myopia phenotypes in Japan. Further studies of candidate genes are needed to determine the molecular genetic factors that contribute to genetic inXuence of myopia.
